Introduction {#S0001}
============

NSCs are pluripotent and self-renewing cells found in the central nervous system,[@CIT0001],[@CIT0002] and they can differentiate into neurons, oligodendrocytes and astrocytes under specific culture conditions.[@CIT0003]--[@CIT0005] Due to these characteristics, they have become one of the most promising candidates for neural regeneration, as well as brain repair.[@CIT0006]--[@CIT0008] However, it is challenging to control the eventual fate of NSCs, which restricts the application of NSCs in tissue engineering and regenerative medicine.

One of the traditional methods to control the growth and differentiation of NSCs is to culture them in a medium containing both chemical inducers and growth factors. Mitogen signals such as basic fibroblast growth factor (bFGF) and epidermal growth factor (EGF) are widely considered to play a crucial role in the proliferation and differentiation of NSCs in vitro, as well as in maintaining their self-renewal ability of NSCs.[@CIT0009]

Nanotechnology involves the development of nanomaterials in sizes ranging from 1 to 100 nm.[@CIT0010] At such a small scale, the physical, chemical, and biological properties of materials are often quite different, which has brought unprecedented possibilities for its usage in the field of drug delivery, imaging, diagnostics, and other medical applications, especially stem cell research.[@CIT0011]--[@CIT0013]

Over the past few decades, researches on graphene have been increasing rapidly for applications in fields of nanomaterials and nanotechnology, especially in tissue engineering and regenerative medicine.[@CIT0014] Graphene is a two-dimensional nanoparticle comprising of a single layer with six atoms arranged in a honeycomb lattice in sp^2^ hybridization.[@CIT0015] Of all its derivatives, graphene oxide, is notably favored for stem cell research because of its excellent biocompatibility, as well as outstanding electrical, thermal, mechanical and chemical properties.[@CIT0016] In fact, great values of graphene oxide in many promising applications of GO NPs have been reported recently,[@CIT0017],[@CIT0018] including biosensing,[@CIT0019],[@CIT0020] cell imaging,[@CIT0021] drug delivery,[@CIT0021]--[@CIT0024] gene delivery,[@CIT0025] cancer therapy[@CIT0022],[@CIT0023] and tissue engineering.[@CIT0024] Moreover, stem cells treated with GO were found to show enhanced neural differentiation.[@CIT0026]--[@CIT0028] However, only a few reports have research focused on exploring the effects of the sizes of the GO NPs on the cellular functions of NSCs.

In this study, we explored the size-dependent effects of GO NPs on the self-renewal and differentiation of mNSCs. GO NPs with mean sizes of 417 nm, 663 nm, 1047 nm and 4651 nm were prepared and used for treating the cells. Then we evaluated the cytotoxicity of these NPs, as well as their effect on the cell cycle, cell proliferation, pluripotency, potential for differentiating into specific lineages and migration of mNSCs. Furthermore, we evaluated the role of GO NPs play in maintaining the self-renewal of the mNSCs in place of EGF and bFGF. Our research demonstrated that the particle size of GO had an effect on controlling the fate and cellular functions of mNSCs.

Materials and Methods {#S0002}
=====================

Materials {#S0002-S2001}
---------

Graphene oxide nanoparticles of different sizes were purchased from Aladdin Co. and Nanjing JiCang Nano Technology Co., Ltd.

Characterization of Nanoparticles {#S0002-S2002}
---------------------------------

A transmission electron microscope (TEM, JEOL-1230, Japan) was used to observe the morphology of the GO NPs. The samples were dispersed in double-distilled water and several drops of each suspension were placed on the carbon-coated copper TEM grid. The diameter and zeta potential of different particles were measured using the Malvern zeta sizer nano-zs90 (Malvern, UK). The thickness and roughness of GO NPs were examined by atomic force microscopy (AFM). The structure and mechanical properties were analyzed using by Raman spectrometry by exciting with a 514 nm argon laser (Renishaw, UK).

Cell Culture {#S0002-S2003}
------------

Mouse NSCs were isolated from the forebrain of C57 mice at E13.5.[@CIT0029] The use of cells was approved by the Ethical Committee of Tongji University of Medicine. Mice, from which we isolated cells, were approved by the Institutional Animal Care Committee of Tongji University. We have complied with all relevant ethical regulations. Cells were cultured as neurospheres in Dulbecco′s modified eagle′s medium/nutrient mixture F-12 (DMEM/F12) medium (Gibco), supplemented with 2% B-27 (Gibco), 1 mM L-glutamine (Gibco), 1% nonessential amino acids (Gibco), basic fibroblast growth factor (bFGF) (20 ng/mL, Peprotech), and epidermal growth factor (EGF) (20 ng/mL, Peprotech). One half of the culture medium was replaced with fresh medium every 2 days. The mNSCs were cultured in a humidified incubator with 5% CO2 at 37°C.

Cytotoxicity Assay {#S0002-S2004}
------------------

The cytotoxicity of the NPs was indicated by the relative cell viability compared with the control group and was examined using a CCK-8 cell proliferation kit (KeyGen Biotech, China). The cell suspension (100 μL) were cultured in 96-well plates with a density is 1 × 10^4^ cells in per well. Then, fresh culture medium containing GO NPs of different sizes at the concentration of 5, 10, 20, 50, and 100 μg/mL was added to the wells, and cells treated only with medium were used as the control. CCK-8 reagent (10 μL) was added to each well, and the plates were incubated for another 1--4 h at 37°C in the darkness. The absorbance was measured at a wavelength of 450 nm using a microplate reader (SpectraMax M5, Molecular Devices).

Cell Apoptosis Assay {#S0002-S2005}
--------------------

mNSCs were seeded into six-well plates. GO NPs at a fixed concentration of 20 μg/mL were added to each well and incubated for 24 h. Subsequently, cells from different treatment groups were harvested and rinsed twice with PBS. They were labeled with Annexin V-FITC/PI using an Apoptosis Detection Kit (KeyGen Biotech, China) and examined using a flow cytometer (Becton Dickinson, USA). The Flowjo software was used to analyze the results.[@CIT0030]

Cell Cycle Assay {#S0002-S2006}
----------------

We examined the effect of the GO NPs on the cell cycle of mNSCs using the cell cycle detection kit (KeyGen Biotech, China). mNSCs were seeded into six-well plates (at a density of 1 × 10^5^ cells per well). Following that, 20 μg/mL of GO NPs were added to the wells and incubated for 24 h. The cells were then harvested and fixed in 70% ethanol (ice-cold) at 4°C overnight. Subsequently, the cells were resuspended in PBS (pH 7.4), incubated with RNase A (40 μg/mL) and PI (10 μg/mL), and then kept in the darkness. Finally, flow cytometry (Becton Dickinson, USA) was performed and the results were Flowjo software.

EdU Cell Proliferation Assay {#S0002-S2007}
----------------------------

The effect of GO NPs on the proliferation of mNSCs was tested by using the Click-iT Edu Kit (KeyGen Biotech, China) with the Alexa Fluor488 dye. The mNSCs were seeded on poly-L-ornithine (PLO)-coating six-well plates at a concentration of 1.0 × 10^5^ cells per well and cultured till attachment. After an overnight incubation, the culture medium was replaced with the medium containing 20 µg/mL of GO NPs. After a 24 h incubation period, the samples were treated using the kit according to the manufacturer's instructions. The proliferation rate indicated by the fluorescence intensity was observed using a fluorescence microscope.

Induction of Spontaneous Differentiation of mNSCs {#S0002-S2008}
-------------------------------------------------

To induce spontaneous differentiation of mNSCs, neurospheres were seeded onto PLO-coating six-well plates, which are known to support the adhesion of NSCs. GO NPs at a concentration of 20 μg/mL were added, and the cells were incubated in differentiation medium free of mitogenic factors for 24 h. The cells were subsequently harvested for immunofluorescence and subjected to qPCR.

Cell Migration {#S0002-S2009}
--------------

The mNSCs were passaged every 4 days and on the 3rd day after passage, neurospheres were seeded into PLO-coated six-well plates and cultured till attachment. GO NPs at a concentration of 20 μg/mL were then added and incubated for 24 h. The morphology and migration distances of the samples were observed under a bright field of photon microscope (Nikon ECLIPSE Ti) and confocal microscope (LSM 700, Carl Zeiss, Jena, Germany).

Immunofluorescence {#S0002-S2010}
------------------

mNSCs were fixed with 4% (w/v) paraformaldehyde at 37°C for 15 min and washed three times with PBS. The samples were permeabilized with 0.3% (v/v) Triton X-100 for 10 min, and then washed and blocked with 5% (v/v) goat serum for 1 h. The samples were incubated at 4°C overnight with primary antibodies as follows: mouse monoclonal anti-Nestin (1:200, Abcam), mouse monoclonal anti-NeuN (1:200, Abcam, conjugated with AlexaFluor 488) and mouse monoclonal anti-GFAP (1:200, Abcam, conjugated with Cy3). After gently rinsing with PBS, the samples were incubated with secondary antibodies \[AlexaFluor 488-conjugated goat anti-mouse IgG (Invitrogen) for 1 h. The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and the fluorescence images were taken using a confocal microscope (LSM 700, Carl Zeiss, Jena, Germany).

Western Blotting {#S0002-S2011}
----------------

After treatment with GO NPs treatments, the cells were collected and washed with PBS, and the total proteins were extracted. The membranes were blocked in 5% (w/v) bovine serum albumin (BSA) in TBST was incubated overnight with primary antibodies (β-actin, ERK1/2, and p-ERK1/2) overnight at 4°C. After washing with TBST several times, the membranes were incubated with second antibodies for 60 mins at room temperature. A chemiluminescence detection system (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used to observe bands. The primary antibodies used in this study included β-actin(ab8227, Abcam), ERK1/2(ab184699, Abcam), and pERK1/2(ab32538, Abcam).

Quantitative Real-Time PCR {#S0002-S2012}
--------------------------

The total RNA was isolated from the mNSCs using the Trizol^®^ reagent (Invitrogen). The concentrations and quality of RNA were measured using an ND-1000 spectrophotometer (Nanodrop) for further experiments. cDNA was synthesized with a Primer Script Reverse Transcriptase Kit (Takara) according to the manufacturer's instructions. qPCR was performed using SYBR Premix Ex Taq™ (Takara) on a 7500 Real-Time PCR System. GAPDH was used as the internal reference. [[Supplementary Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=225722.pdf)]{.ul} shows all the primer sequences.

Statistical Analysis {#S0002-S2013}
--------------------

All results were shown as means ± standard deviation (SD). Statistical analysis was performed using the Statistical Product and Service Solutions software. One-way analysis of variance was taken for each analysis. Values with \*P \< 0.05, \*\*P \< 0.01, \*\*\*P \< 0.001 were considered significant.

Results {#S0003}
=======

Characterization of Graphene Oxide Nanoparticles {#S0003-S2001}
------------------------------------------------

We observed the morphology and surface topography of the GO NPs using TEM and SEM. The images showed the stacked multi-layer structure ([Figure 1A](#F0001){ref-type="fig"}), the irregular edges ([Figure 1A](#F0001){ref-type="fig"}) and the wrinkle surface ([Figure 1B](#F0001){ref-type="fig"}) of the GO NPs. The average hydrodynamic sizes of the GO NPs were 417 nm, 663 nm, 1047 nm, and 4651 nm ([Figure 1C](#F0001){ref-type="fig"}), which changed to 466 nm, 680 nm, 1109 nm, and 4638 nm, respectively, in the cell culture medium ([[Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=225722.pdf)]{.ul}). These results indicated that there were no obvious differences in the size of the GO NPs in water and in cell culture medium. The average zeta potentials of the GO NPs in water were −32.8 mV (417 nm), −37 mV (663 nm), −36.8 mV (1047 nm), and −35 mV (4651 nm) ([Figure 1D](#F0001){ref-type="fig"}). The thicknesses of the GO NPs detected by AFM were approximately 22.5 nm, 17.7 nm, 22.4 nm, and 13.4 nm for NPs of sizes 417 nm, 663 nm, 1047 nm, and 4651 nm, respectively ([Figure 1E](#F0001){ref-type="fig"}). The thickness of the single-layered GO NPs was between 0.7nm and 1.2nm, indicating that the NPs in used this study consisted of approximately 10 to 20 layers. The structure and the physical properties of the GO NPs were measured using Raman spectroscopy ([Figure 1F](#F0001){ref-type="fig"}). The specific G-band was observed at \~1580 cm^−1^ and the D-band, which represented sp3 carbon defects, was observed at \~1350 cm^−1^. Figure 1Characterization of graphene oxide nanoparticles. (**A**) TEM images of GO NPs; (**B**) SEM images of GO NPs. Scale Bars: 100 µm (for 417 nm)10.0 µm (for 663=nm,1047 nm and 4651nm); (**C**) Size distributions of GO NPs in water; (**D**) Zeta potentials of GO NPs in water; (**E**) AFM images of GO NPs; (**F**) Raman spectra analysis of the GO NPs.

Evaluation of Biocompatibility of Graphene Oxide Nanoparticles {#S0003-S2002}
--------------------------------------------------------------

Before investigating the effects of the GO NPs of different sizes on the self-renewal and differentiation of mNSCs, we tested the cell viability of mNSCs cultured with GO NPs at different concentrations for 24 hrs. The CCK-8 assay demonstrated that GO NPs at concentrations from 5 to 20 μg/mL showed less cytotoxicity after the 24 h period, but when the cells were exposed to higher concentrations, especially 100 μg/mL, the cell viability decreased significantly, confirming that the cytotoxicity of the GO NPs increases in a dose-dependent and size-dependent manner ([Figure 2A](#F0002){ref-type="fig"}). Besides, the 417 nm GO NPs seemed to have lower cytotoxicity than the GO NPs of larger sizes. However, we found that the GO NPs causes cell damage at high concentrations and hence, the concentration of GO NPs was set at 20 μg/mL for the following experiments.

Then, we assessed whether these GO NPs could induce apoptosis in the mNSCs using the annexin V/propidium iodide dual staining assay. Flow cytometry analysis demonstrated that the rate of cellular apoptosis and necrosis were not significantly affected at a concentration of 20 μg/mL for 24 h ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}).[@CIT0030] These data indicated that the GO NPs we used in this study were biocompatible with the mNSCs when used at doses under 20 μg/mL. Figure 2Effect of graphene oxide nanoparticles on the viability and proliferation of mNSCs. (**A**) CCK-8 assay was performed to evaluate the cell viability of mNSCs after treatment with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs at concentrations ranging from 5 to 100 μg/mL for 24 h. Data show the means ± standard error of the mean of three independent experiments. \*\*\*p \< 0.001, \*\*p \< 0.01 and \*p \< 0.05 compared with the control group. (**B**) Apoptosis of mNSCs treated with GO NPs of different sizes at a concentration of 20 μg/mL for 24 h. (**C**) Quantification of cellular apoptosis. Data show the means ± standard error of the mean.

Cell cycle assay is an effective way to detect apoptotic cells. Flow cytometric analysis was used to measure the cell cycle progression of mNSCs treated with GO NPs. After being incubated with 20 μg/mL of GO NPs for 24 h, the cell cycle distribution of mNSCs showed no significant change compared to the control group ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). The results were within the margin of error, showing good biocompatibility of the GO NPs with mNSCs.

Furthermore, the effects of the GO NPs on the proliferation of mNSCs were then evaluated by the EdU proliferation assay at a concentration of 20 μg/mL for 24 h ([Figure 3C](#F0003){ref-type="fig"}). The intensity of green fluorescence of EdU revealed that the proliferation of mNSCs did not change much in the four GO NPs-treated groups at a concentration of 20 μg/mL compared to the control group ([Figure 3D](#F0003){ref-type="fig"}), demonstrating good biocompatibility. Figure 3Effects of graphene oxide nanoparticles on the cell cycle and cell proliferation. (**A**) Effects of exposure to 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 h on the cell cycle of mNSCs. (**B**) Percentage distribution of cells in different cell cycle stages. (**C**) Fluorescence of EdU (green) revealed the proliferation rate of mNSCs treated with 417 nm, 663 nm, 1047 nm and 4651nm GO NPs (20 μg/mL) after 24 h incubation. Nuclei were stained with DAPI (blue). Scale bars: 200 μm. (**D**) Quantification of fluorescence intensity. Data show the means ± standard error of the mean of three independent experiments. \*p \< 0.05 compared with the control group.

GO NPs Enhanced the Self-Renewal of mNSCs in the Absence of EGF and bFGF {#S0003-S2003}
------------------------------------------------------------------------

The aforementioned results showed good biocompatibility of the GO NPs with the cultured mNSCs at concentrations less than 20 μg/mL. Then, we examined the effects of GO NPs of different sizes on the self-renewal of mNSCs. The cells were cultured in the proliferation medium with GO NPs for 24 h and the gene expression of Nestin, which is responsible for pluripotency in the NSCs, was examined by immunofluorescence staining. As shown in [Figure 4A](#F0004){ref-type="fig"}, there was no significant change in the morphology and the expression of Nestin did not change significantly. In the absence of EGF and bFGF, we observed under a bright field of microscope that the cells in all four groups treated with GO NPs maintained spherical morphology, whereas the groups not treated with EGF and bFGF, as well as GO NPs showed differentiation ([Figure 4C](#F0004){ref-type="fig"}). Immunofluorescence staining was also performed to detect the expression of Nestin in the absence of EGF and bFGF and the green fluorescence signals corresponding to Nestin were stronger in the groups treated with EGF and bFGF and GO NPs than the group without EGF and bFGF ([Figure 4B](#F0004){ref-type="fig"}). To further evaluate the effects of the GO NPs on the mNSCs at the mRNA level, total RNA was isolated from the GO NPs-treated cells and the expression level of Nestin mRNA was analyzed using qPCR. Treatment with GO NPs of all four sizes, especially the 663 nm GO NPs, upregulated the mRNA expression of the pluripotency marker Nestin in mNSCs compared with the group without EGF and bFGF, which was consistent with the immunostaining results. ([Figure 4D](#F0004){ref-type="fig"}). These results demonstrated that GO NPs enhanced the self-renewal of mNSCs in the absence of EGF and bFGF. Figure 4Effects of graphene oxide nanoparticles on the self-renewal of mNSCs in the absence of EGF and bFGF. (**A**) Immunoﬂuorescence images of mNSCs treated with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 hrs. The cells were co-stained with Nestin (green) and nuclei (blue). Scale bars: 20 μm. (**B**) Immunoﬂuorescence images of mNSCs treated with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 hrs in the absence of EGF and bFGF. The cells were co-stained with Nestin (green) and nuclei (blue). Scale bars: 20 μm. (**C**) Bright field images of neurospheres treated with 417 nm, 663 nm, 1047 nm and 4651nm GO NPs (20 μg/mL) for 24 hrs in the absence of EGF and bFGF. Scale bars: 500 μm. (**D**) Relative mRNA expression levels of pluripotency marker gene Nestin, GAPDH was used for internal normalization in the quantitative RT-PCR. Data show the means ± standard error of the mean of three independent experiments. \*\*\*p \< 0.001 compared with the cells cultured in the absence of EGF and bFGF.

GO NPs Accelerated the Differentiation of mNSCs {#S0003-S2004}
-----------------------------------------------

As we observed that GO NPs enhanced the self-renewal of mNSCs in the absence of EGF and bFGF to some extent, we next evaluated the differentiation potential of the treated cells grown in differentiation medium conditions without mitogenic factors. NSCs have the capacity to generate three basic neural cell types (neurons, astrocytes, and oligodendrocytes) under spontaneous induced differentiation conditions. The immunoﬂuorescence images showed that neurospheres cultured with 20 μg/mL of GO NPs exhibited higher levels of the expression of neuron specific marker NeuN and astrocyte specific marker GFAP than the control group ([Figure 5A](#F0005){ref-type="fig"}), indicating accelerated differentiation of the mNSCs. Moreover, the expression of differentiation-related genes at mRNA level was also analyzed by using qPCR. Tuj1 served as the neuronal marker and GFAP served as the astrocyte marker ([Figure 5B](#F0005){ref-type="fig"}). While GO NPs of all four sizes increased the expression levels of Tuj1 and GFAP, the 4651 nm GO NPs showed more obvious effects on promoting the differentiation of mNSCs than the other three GO NPs. Figure 5Spontaneous differentiation of neurospheres cultured with graphene oxide nanoparticles. (**A**) Immunoﬂuorescence images of mNSCs treated with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 hrs. The cells were co-stained with NeuN (green), GFAP (red) and nuclei (blue). Scale bars: 200 μm. (**B**) Relative mRNA expression levels of the neuron marker gene Tuj1 and astrocyte marker GFAP were measured. GAPDH was used for internal normalization in the quantitative RT-PCR. Data show the means ± standard error of the mean of three independent experiments. \*\*\*p \< 0.001 compared with the control group.

GO NPs Improved the Migration of mNSCs {#S0003-S2005}
--------------------------------------

In the treatment of many neurodegenerative diseases of the central nervous system, even though NSCs can be transplanted exogenously or activated endogenously, these neural stem cells still need to migrate to the area of damage to differentiate into functional neural cells.[@CIT0031],[@CIT0032] Hence, we evaluated the effect of GO NPs on the migration ability of mNSCs. We observed the outgrowth and extension of neurites from the GO NPs-treated neurospheres that were attached to the culture plate while the untreated neurospheres maintained their spherical morphology with smooth edges, as seen under the bright field of photon microscope ([Figure 6A](#F0006){ref-type="fig"}). Immunostaining results, as shown in [Figure 6B](#F0006){ref-type="fig"}, also indicated that the mNSCs which expressed Nestin, could migrate over a significantly longer distance after treatment with 417 nm, 663 nm and 1047 nm GO NPs than the control group. The 4651 nm GO NP-treated cells showed enhanced migration of the mNSCs over a longer distance compared with that in the control group; however, the migration was not as much as in the other GO groups. To determine the underlying mechanism of GO NP effect on the migration of mNSCs, the expression of focal adhesion-related genes Rap1, Vinculin and Paxillin were analyzed at the mRNA level using qPCR. As shown in [Figure 6C](#F0006){ref-type="fig"}, we observed significant increases in the expression of Rap1, Vinculin and Paxillin in the GO NPs-treated groups compared with the control group, which explained the improved migration of mNSC. Figure 6Effects of graphene oxide nanoparticles on the migration of mNSCs. (**A**) Bright field images of the neurospheres treated with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 hrs. Scale bars: 500 μm. (**B**) Immunoﬂuorescence images of mNSCs treated with 417 nm, 663 nm, 1047 nm and 4651 nm GO NPs (20 μg/mL) for 24 hrs. The cells were co-stained with Nestin (green) and nuclei (blue). Scale bars: 50 μm. (**C**) Relative mRNA expression levels of the focal adhesion gene Rap1, Vinculin, and Paxillin were shown. GAPDH was used for internal normalization in the quantitative RT-PCR. Data show the means ± standard error of the mean of three independent experiments. \*\*\*p \< 0.001, \*\*p \< 0.01 and \*p \< 0.05 compared with the control group.

ERK 1/2 Signal Pathway Is Involved in 4651 nm GO NP-Induced Neuronal Differentiation of NSCs {#S0003-S2006}
--------------------------------------------------------------------------------------------

As the 4651 nm GO NPs-treated mNSCs had the highest tendency for undergoing neuronal differentiation, it was still not clear why it could enhance the differentiation only to a certain degree. To understand the underlying mechanism, a comprehensive transcriptome analysis was performed using mRNA-sequence analysis with 2D principal component analysis (2D PCA). We observed that for both the samples, all the genes could be clearly distinguished for 4651 nm GO NP-treated group than the control group (each group consisted of samples in replicates) ([Figure 7A](#F0007){ref-type="fig"}). The differentially expressed genes were enriched and divided into several apparent signaling pathways using Gene Ontology and Kyoto Encyclopedia of Genes and Genomics (KEGG) analysis, respectively ([Figure 7B](#F0007){ref-type="fig"} and [C](#F0007){ref-type="fig"}). Among the differentially expressed genes, we picked out TRPC2, a gene related to axon growth, which was downregulated dramatically in this group. Generally, downregulation of TRPC2 leads to phosphorylation of ERK1/2,[@CIT0033] which in turns, initiates neuronal differentiation of NSCs.[@CIT0034]--[@CIT0036] Therefore, the ERK1/2 signal pathway was chosen for further studies. The effect of 4651 nm GO NPs on the mNSC was examined using Western blotting and q-PCR. As is shown in [Figure 7E](#F0007){ref-type="fig"}, TRPC2 expression in the 4651 nm GO NP-treated cells was dramatically lower than in the control group, which is consistent with the mRNA-sequence analysis results ([Figure 7D](#F0007){ref-type="fig"}). Besides, treatment of mNSCs, with the 4651 nm increasingly enhanced the expression level of pERK1/2, showing that it is likely that the enhancement of NSC differentiation via ERK1/2 signaling pathway is the key underlying mechanism. Figure 7Effects of 4651 nm graphene oxide nanoparticles on the differentiation mechanism of mNSCs. (**A**) 2D principal component analysis using the genome-wide expression data for the 4651 nm GO NPs and control group using R Studio. (**B**) KEGG pathway analysis of the genes regulated in the 4651 nm GO NP-treated mNSCs. (**C**) GO pathway analysis of the regulated genes in the 4651 nm GO NP-treated mNSC. (**D**) Relative mRNA expression levels of gene *TRPC2*, GAPDH was used for internal normalization in the quantitative RT-PCR. Data show the means ± standard error of the mean of three independent experiments. \*\*\*p \< 0.001 compared with the control group. (**E**) Western blotting results.

Discussion {#S0004}
==========

In vitro and in vivo studies have shown that hydrophilic GO NPs are less toxic than the hydrophobic ones.[@CIT0037]--[@CIT0040] The suspended graphene particles tend to agglomerate in the cell culture medium, covering the cell surface as the concentration increases, limiting the nutrient supply and leading to oxidative stress-induced apoptosis. However, as GO is more stable in solution, it can be used for easy absorption of proteins on the cell surface by avoiding direct interaction with the cells, and hence reducing the cytotoxicity. The cytotoxicity of the suspended GO NPs depends mainly on surface chemistry, particle size, shape and concentration.[@CIT0041],[@CIT0042] Meanwhile, the rations of carbon-to-oxygen of four GO NPs are measured by a FEI Titan G2 80--300, which is a STEM integrated with corrected electron optics, to measure the carbon-to-oxygen ration of GO NPs. The principle edges of carbon and oxygen are 284 eV and 532 eV, respectively, and the rations of carbon-to-oxygen of four GO NPs are calculated.[@CIT0043] As is shown in [[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=225722.pdf)]{.ul}, the rations of the carbon-to-oxygen of four sizes are 11:1 (417 nm), 11.2:1 (663 nm), 11.7:1 (1047 nm) and 12.5:1 (4651 nm). With the hydrophilicity of GO NPs decreasing, the carbon-to-oxygen ration increases, which probably affects its solubility and toxicity.[@CIT0044] In our study, GO NPs of approximately 5 µm size exhibited higher cytotoxicity than other GO NPs at concentrations of 100 μg/mL, possibly because of greater coverage of the cell surface leading to nutrient deficiency and more oxidative stress-induced apoptosis.

Several studies have demonstrated that the fate of theNSCs is determined by both the internal genes and exogenous signals. Internal regulation refers to the regulation via transcription factors belonging to the Notch signaling pathway, bHLH transcription factor family and Wnt signal pathway.[@CIT0045],[@CIT0046] They are activated in a specific manner leading to activation or inhibition of the expression of downstream genes, and ultimately influencing the proliferation and differentiation of NSCs. Exogenous signal regulation refers to the regulation of several aspects of the microenvironment in which NSCs are located, including cytokines,[@CIT0009],[@CIT0047] extracellular matrix (ECM),[@CIT0048] and neighboring cells.[@CIT0049],[@CIT0050]

The composition and concentration of cytokines-like growth factors determine the fate of stem cells by transferring exogenous signals into cells through the corresponding membrane receptor. In this study, surprisingly, we found that GO NPs are capable of replacing EGF and bFGF in maintaining the self-renewal of mNSCs in vitro to some extent. GO NPs possess special surface topography and mechanical properties such as hardness, elasticity and porosity, which provide similar growth environment for stem cells like NSCs.[@CIT0051]--[@CIT0054] In addition to the structural topography and mechanical properties, the interaction between the stem cells and the biomaterials have also accounted for cellular behavior.[@CIT0055] Stress from ECM can possibly activate or suppress certain genes specific to proliferation and differentiation of NSCs, leading to promotion of self-renewal.[@CIT0049],[@CIT0056] Notably, there is higher possibility of smaller suspended GO NPs interacting with mNSCs than larger ones, which may explain the better ability of 417 nm and 663 nm GO NPs in maintaining self-renewal of mNSCs. However, the exact mechanism of GO NPs in maintaining the self-renewal of mNSCs in the absence of EGF and bFGF is still unclear and needs further investigation.

The extracellular matrix consists of a variety of glycoproteins and mucins that influence the and differentiation of NSCs by regulating their adhesion and migration.[@CIT0057] Due to the unique characteristics of NPs such as specific nano-scale morphology, roughness and elasticity, GO NPs can mimic the extracellular matrix microenvironment, enabling the adsorption of biomolecules and the formation of adhesive spots.[@CIT0058],[@CIT0059] Under conditions that induce differentiation, the attachment of the cells was reinforced and the relative focal adhesion signaling pathway was activated after treatment with GO NPs, resulting in increased expression of Rap1, Vinculin and Paxillin. Moreover, mNSCs attached to the GO matrix after treatment with PLO in the differentiation medium, where the 4651 nm GO NPs had larger area to form adhesion spots. This could be one of the reasons for the enhanced performance of the 4651 nm GO NPs in accelerating the differentiation and improving migration of the mNSCs.

It is also worth noting that the cellular response of mNSCs mediated by GO NPs exhibited significant dependency on the particle size.[@CIT0060],[@CIT0061] Previous research has shown that after addition into the culture medium, NPs rapidly absorb small molecules selectively onto their surface and a layer of molecules, also known as corona, is generated that can enable interaction with the cells. The chemical composition and thickness of the corona layer, which is determined by the size of NPs, influences the cellular functions, including cellular uptake, cytotoxicity and gene expression.[@CIT0062],[@CIT0063] However, the exact mechanism of the size-dependent effects of GO NPs on the cytotoxicity, self-renewal, differentiation and migration of mNSCs is still unclear, and requires further relevant research.

TRPC2, TRPC1 and TRPC3 belongs to the family of transient receptor potential canonical (TRPC) genes. TRPCs are potential Ca2+ cation channels and influence the cellular functions through the entry of Ca^2+^, which triggers changes in the action potentials in the neurons. TRPC2 is unique among TRPCs[@CIT0033] and its physiological roles have been studied in rat thyroid FRTL-5 cells. In these cells, it was seen that knockdown of TRPC2 leads to the increase in cAMP levels, leading to a rise in Ras-related protein 1-MAPK kinase 1(MAPK/ERK Kinase 1) along with stimulation of ERK1/2 phosphorylation.[@CIT0064] From the signal transduction point of view, ERK1/2 phosphorylation induces expression of specific proteins that regulate cellular proliferation, differentiation and apoptosis. Our Western blotting analysis shows that the expression of pERK1/2 was higher in the 4651 nm GO NPs group than in the control group. This indicates that the addition of GO NPs stimulates ERK1/2 phosphorylation, which plays an important role in neuronal growth. With regard to gliogenesis, TRPC3-induced Ca^2+^ signals might be related to the growth of astrocytes, which is attenuated in the presence of TRPC1. As the primer sequences and lengths for TRPC1 and TRPC2 are similar (171 bp and 173 bp, respectively), we assumed that the downregulation of TPRC2 may lead to the growth of astrocytes.[@CIT0065] However, further studies need to be conducted to show the other signal pathways that are involved in this mechanism.

Taken together ([Figure 8](#F0008){ref-type="fig"}), our study shows that GO NPs play an important role in the self-renewal of NSCs, as shown by the strong expression of Nestin. However, TRPC2 gene as well as TRPC2 protein, which is a Ca2+ ion channel, was downregulated. The ERK signaling pathway was activated and the levels of certain markers, such as Tuj1, NeuN and GFAP were also upregulated. Overall, these results show that GO NPs may act as potential candidates for nanomedicines for the regulation of cellular fate. Figure 8Schematic representation summarizing the role of graphene oxide nanoparticles on the self-renewal and differentiation of mNSCs.

Conclusion {#S0005}
==========

Overall, in this study, we compared the effects of GO NPs of four different sizes on the biocompatibility, self-renewal and differentiation of mNSCs. We observed that GO NPs of all sizes presented less cytotoxicity at concentrations ≤20 μg/mL. Larger GO NPs (approximately 1 μm and 5 μm in size) showed more obvious cytotoxicity than small GO NPs (approximately 400 nm and 700 nm in size) at high concentrations. Through analysis of the expression of self-renewal and differentiation-related genes, we found that the 417 nm and 663 nm GO NPs exhibited more outstanding ability to maintain the self-renewal of mNSCs in the absence of EGF and bFGF, while 4651 nm GO NPs were more efficient in accelerating the differentiation of mNSCs under differentiation conditions. In addition, 417 nm GO NPs can promote the migration of mNSCs by upregulating the expression of Vinculin significantly. Finally yet importantly, 4651 nm GO NPS clearly enhanced neuronal differentiation in the mNSCs through phosphorylation of ERK1/2 via downregulation of TRPC2.
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